We report on the pulse-to-pulse energy distributions and phase-resolved modulation properties for catalogued pulsars in the southern High Time Resolution Universe intermediate-latitude survey. We selected the 315 pulsars detected in a single-pulse search of this survey, allowing a large sample unbiased regarding any rotational parameters of neutron stars. We found that the energy distribution of many pulsars is well-described by a log-normal distribution, with few deviating from a small range in log-normal scale and location parameters. Some pulsars exhibited multiple energy states corresponding to mode changes, and implying that some observed "nulling" may actually be a mode-change effect. PSR J1900-2600 was found to emit weakly in its previously-identified "null" state. We found evidence for another state-change effect in two pulsars, which show bimodality in their nulling time scales; that is, they switch between a continuous-emission state and a single-pulse-emitting state.
INTRODUCTION
Radio pulsars have long been known to display a myriad of intrinsic amplitude modulation effects. Averaged over many rotations, most pulsars have a reproducible pulse shape, reflective of the long-term stability of their rotation and magnetism. In contrast, sequential rotations of a pulsar can differ considerably in pulse shape and intensity; ordered effects such as sub-pulse drift, mode changing, and nulling (e. g. Cole 1970; Backer 1970) , as well as stochastic pulse-to-pulse Email: sarah.burke-spolaor@jpl.nasa.gov shape and intensity variations affect pulsars to varying degrees. Other effects such as intense giant pulses (Staelin & Reifenstein 1968; Comella et al. 1969) or "giant micropulses" (referencing their narrow structure, e. g. Johnston et al. 2001 ) occur in some pulsars at a limited phase range.
The energy distribution of radio pulses can provide a window into the state of pulsar plasma and the method of emission generation. There exist a great number of viable plasma-state models, a few of which predict pulse energy distributions; the most commonly-proposed predictions are of Gaussian, log-normal, and power-law distributions. and , and references therein, provide discussion on these models. Energy distributions have been examined in detail for only a few pulsars (Cognard et al. 1996; Cairns et al. 2001 Cairns et al. , 2004 , resulting in the conclusion that those pulsars obey log-normal statistics. These analyses have substiantially contributed to the hypothesis that genuine "giant pulses" are generated separately from standard pulse generation; while "giant pulse" is sometimes used to refer to any single pulse of more than ten times the average intensity, studies have revealed giant pulses with power-law energy distributions, distinct from log-normal main pulse components (Lundgren et al. 1995; Kramer et al. 2002; Johnston & Romani 2002) . No survey targeting single-pulse energy distribution shapes or giant pulses in the general population has yet been performed.
Phase-resolved modulation analysis is likewise thought to be an indicator of radio emission's geometry and generation mechanism. Weisberg et al. (1986) first noted differences in modulation between core and conal-type pulse profiles, while Jenet & Gil (2003) derived theoretical predictions for anti-correlations between the modulation index (defined in §3.4) and four "complexity parameters," corresponding to four pulsar emission models. Their complexity parameters are: a1 = 5Ṗ 2/6 P −9/14 , for the sparking gap model, a2 = (Ṗ /P 3 ) 0.5 for the continuous current outflow instabilities, a3 = (PṖ ) 0.5 for surface magnetohydrodynamic wave instabilities, and a4 = (Ṗ /P 5 ) 0.5 for outer magnetospheric instabilities. The Jenet & Gil (2003) measurements of modulation index for a small sample of core-type profiles disfavoured the magnetohydrodynamic wave instability model. The studies of Weltevrede et al. ( , 2007 surveyed ordered, longitude-resolved modulation in ∼190 pulsars at 21 and 92 cm. Their large sample enabled them to test correlations with other neutron star properties. They determined that the modulation index is generally higher at lower frequencies, and noted a weak correlation between modulation index and age that is dampened at higher frequency.
The study of single-pulse modulation in a large pulsar sample can also contribute to several practical questions, for instance: how common is giant-pulse emission, and are some "giant pulses" the manifestation of a broad log-normal energy distribution?, Are the prospects of pulsar detection in other galaxies better for single-pulse or Fourier searches (e. g. Johnston & Romani 2003; McLaughlin & Cordes 2003) ? Quantification of pulsars' modulation will also aid in understanding the physical makeup of "rotating radio transients" (RRATs; McLaughlin et al. 2006) . Energy distributions in bright, individual RRATs show that some appear to be pulsars with extremely high ( 95%) nulling fractions (e. g. BurkeSpolaor et al. 2011; Miller et al. 2011) . However, an unknown fraction of RRATs may be distant pulsars with extremely broad energy distributions, such that only their brightest, infrequent pulses are detectable . The distinction between these two cases will be critical in quantifying RRATs' potentially overwhelming contribution to galactic pulsar populations (Keane & Kramer 2008) , however the general pulsar population's intrinsic energy distributions have not yet been extensively studied.
The High Time Resolution Universe survey recently completed its southern intermediate latitude survey ("HTRU med-lat") of galactic latitudes |b| < 15
• and longitudes −120
• < l < 30
• for pulsars ) and single pulses (Burke-Spolaor et al. 2011) . Single pulses from known pulsars were detected at rates that vastly improve on previous surveys of the same region, testifying to the increased sensitivity of the high dynamic range, frequency resolution and time resolution of a new digital search backend on Parkes Radiotelescope (described in Keith et al. 2010) .
In this paper, we study the modulation properties of all med-lat pulsars with detectable single pulses, using the relatively unbiased, single-pulse flux-limited sample provided by the HTRU med-lat survey. We focus here on studies that can be performed within the survey's 9-minute observations, pursuing pulse intensity distribution statistics and the measurement of basic pulse-to-pulse modulation properties. In §2 we describe our sample selection, and §3 describes our analysis methods. In §4 and §5, we describe the results of our energy distribution analysis and modulation analysis, respectively, and provide discussion of the results. §6 reviews other science aspects addressed by our analysis. §7 summarises our findings.
DATA AND PULSAR SAMPLE
Our data is made up of HTRU med-lat survey observations. This survey had 64 µs sampling, and a bandwidth of 340 MHz is divided into 870 frequency channels, centred on 1352 MHz. Two polarisation channels are summed prior to data recording, and data is digitised using 2 bits. The system temperature was 23 K.
Determination of pulsar sample
The initial pulsar set included all pulsars in the med-lat survey region as queried through the online ATNF Pulsar Database (psrcat).
1 We selected the observation of smallest angular distance within 0.25 degrees to each pulsar, yielding 1159 observations near 1113 pulsars (some had multiple observations at roughly equal distance to the pulsar). We scrutinised the HTRU Fourier and single-pulse search results for each observation (as described in Keith et al. 2010 and Burke-Spolaor et al. 2011, respectively) to determine the pulsar's detectability. Single pulses were "detected" if a pulse peaking near the pulsar's dispersion measure (DM) exceeded a significance of 6, and was confirmed by inspection of the data. 411 pulsars were not detected by single-pulse or Fourier analysis, 2 and 16 were detected only through singlepulse analysis. Of the Fourier-detected pulsars, 45% had at least one detected single pulse. It is the 315 pulsars with detected single pulses that we analyse in this study.
Our sample is not isolated in period-period derivative phase space, consistent with previous studies (e. g. BurkeSpolaor & Bailes 2010). We explore the full range of pulsars' magnetic field strength (B), energy derivative (Ė), period (P ), period derivative (Ṗ ), and characteristic age (τc), giving us acute sensitivity to any dependence of modulation effects on these parameters. Our sample includes two millisecond pulsars (PSRs J1439-5501 and J1744-1134) and one radio magnetar (PSR J1622-4950; Levin et al. 2010 ).
Pulse Stacks and Data Configuration
We dedispersed each observation and resampled the resulting time series to break it into integrations of duration equal to the pulsar's rotational period. We used DMs and periods as predicted by psrcat ephemerides. In some cases, the observed period did not match the ephemeris prediction. For these we used the rotational period measured in our observation. Each integration consisted of 1024 phase bins, or in some cases integer divisors of two where needed to ensure the size of one bin equaled or exceeded the original data's sampling time. This caused slightly degraded longitude resolution for short-period pulsars.
Throughout this analysis we refer to "pulse stacks," which are the observed power represented as a function of pulse phase and number (indexed from the observation's start), as shown in the lower panels of Figure 1 .
METHODS AND ANALYSIS

Flux and energy measurements
Normalised energy, E/ E , was calculated using the standard method for determining pulse energy distributions (e. g. Ritchings 1976 , Biggs 1992 . In each observation, we defined on-pulse windows of size Non bins, the position and width of which were determined by inspection of the integrated pulsar profile. Where the pulsar duty cycle was less than 0.5, we chose an off-window also of size Non to determine the off-pulse energy. All bins not part of the on-window were used to estimate the integration's per-bin standard deviation, and to remove a baseline from all bins. We did not divide integrations into shorter analysis blocks (as in Ritchings 1976) , as interstellar scintillation at our observing frequency for each pulsar was expected, and observed, to be minimal based on the NE2001 galactic electron density and scintillation model (Cordes & Lazio 2002) . Furthermore, it was realised that block analysis mutes the modulation induced by intermediate-timescale nulling and mode-changing in some pulsars. The normalised on-pulse and off-pulse energies (Eon and E off , respectively) were calculated for each stellar rotation by integrating the energy in the on-and offwindow bins, respectively, then dividing by the mean onpulse energy of all integrations. The single-pulse energy significance, sE , is given by sE = Eon/(σ √ Non), where σ is the standard deviation of the off-pulse energy.
Energy distribution tests
We performed analysis of pulse energy distributions to assess whether the probability distribution function of pulse energy is well-fit to either a log-normal or Gaussian distribution, and if so, whether pulsars share typical distribution parameters. We analysed the Eon distributions by constructing histograms of Eon and E off in 25 fixed-size bins over the full range of detected normalised energy for each available observation. We modelled each observation's noise with a Gaussian of the same mean and standard deviation as the off-pulse distribution.
We then performed a least-squares minimisation of the data fit by a model for the intrinsic on-pulse energy distribution convolved with noise. The test distributions were defined by Gaussian and log-normal probability density functions. For the Gaussian case, we tested a grid of probable values in the range 0.02 < σg < 1.10, 0.2 < µg < 4.0, where σg and µg are the standard deviation and mean of the distribution, respectively. In the log-normal case, we tested over scale and location parameters in the range 0.02 < σ < 1.10, −2.0 < µ < 2.0, where these parameters are defined in the probability distribution as:
We sampled each test distribution at equal bin size and range as the data, then convolved it with the Gaussian noise model. A least-squares fit was then computed between the noise-convolved model and the data. The goodness of fit of the best-fit distribution was quantified by a χ 2 analysis, using only bins where the value of the convolved model in the bin was greater than five.
3 We took the degrees of freedom to be the number of valid bins minus 3, and a goodness-of-fit probability was calculated from the χ 2 cumulative distribution function and the fit's χ 2 value. Probabilities were calculated for both the logarithmic and Gaussian cases (giving P and Pg, respectively). Finally, the best-fit convolved Gaussian and log-normal models were overlaid on the data (e. g. Fig. 1 ) and inspected by eye to aid in classification of the energy distributions. The results of this analysis are described and discussed in Sec. 4.
Recognition of pulse nulling
We performed an inspection of both pulse stacks and pulse energy distributions to determine whether nulls were either not present, or clearly present, in each observation. In Table  1 , we indicate for each pulsar whether no null pulses were observed (marked by N, indicating no pulses occurred at a zero energy state), or whether a peak at zero energy was discernible from a distinct on-pulse distribution (marked by Y). For the remaining pulsars, we could not distinguish the presence or non-presence of nulls without further analysis, which will be performed in the future for all pulsars observed in the HTRU med-lat survey. We could distinguish 31 pulsars (∼10% of the full sample) with no observed nulls, and 69 pulsars (∼22% of the sample) with a null state. The remaining pulsars in the sample were not sufficiently bright to distinguish whether they were nulling or not.
(a) PSR J1808-2057 (b) PSR J1428-5530 Figure 1 . Two examples of pulsars with log-normal energy distributions. The upper plots show the energy distribution of on-pulse data (black dash-dot histogram with points and error bars), the log-normal energy model fits (thick green line), the off-pulse noise model (thin red line), and the intrinsic energy distribution (blue dotted line). Errors shown are the square root of the number in each bin. The lower plots show the corresponding pulse stacks for each pulsar. PSR J1428-5530, in (b), has a brief nulling episode from pulse indexes ∼50-80 that is visible, distinct from the log-normal distribution for non-null pulses. A Figure showing all pulse stacks, energy distributions, and phase-resolved modulation is available online (see Appendix A).
Parameterisation of modulation
We quantified the longitude-resolved modulation in each pulsar by computing two values for each bin of a pulse stack. The observed "modulation index" is defined as m obs,j = σj/µj, where σj and µj are the standard deviation and the mean across the whole observation, respectively, of the jth bin. Interstellar scintillation can induce signal in m obs,j of mISM = (1+ηB/δb) −1/2 , where B = 340 MHz is the receiver bandwidth, η is a filling factor, and δb is the scintillation bandwidth of the pulsar. We determined δb from the Cordes & Lazio 2002 galactic electron density model and scaled the value to the centre HTRU survey observing frequency of 1.352 GHz assuming δb ∝ f 4 . The induced mISM value was inferred using the prescription of Jenet & Gil (2003) , where setting η = 0.18, the intrinsic modulation index is:
The modulation index is most sensitive to persistent oscillations in a pulsar's signal, e. g. as would be caused by subpulse drift or mode-changing on timescales much less than the observation time. This parameter has poor accuracy for observations of low integrated signal to noise, for instance it is undefined off-pulse, and is insensitive to non-persistent modulation like sporadic or infrequent outbursts.
To identify sparse modulated emission (on-and offpulse), we use the R modulation statistic introduced by Johnston et al. (2001) . They define the R-parameter as Rj = (Mj −µj)/σj, again computed in the jth bin of each observation, where Mj is the maximum value observed in that bin. Given that the per-bin statistics are (in the absence of pulsar signal or interference) Gaussian-distributed, even off-pulse regions are expected to exhibit Rj values consistent with a Gaussian distribution. This and its dependence on the significance of mean single pulse brightness render it difficult to use as an absolute comparative modulation statistic between pulsars, however it is ideal for identifying the presence of giant pulses, and other extreme phase-dependent, sparse modulation or significantly non-Gaussian behaviour. We consider a measurement of Rj "significant" if the bin's value minus the off-pulse mean is more than four times the standard deviation of the Rj values in the off-pulse window.
SINGLE-PULSE ENERGY DISTRIBUTIONS
Here we describe the results of our energy distribution shape-fit tests, with the goal of characterising the field statistics of the radio-generating pulsar plasma. Section 4.1 organises the pulsars into categories defined by their energy distribution shape. Section 4.2 interprets these class divisions in terms of underlying pulsar energy statistics, taking into account our data's noise properties and other caveats of the fitting analysis. That section also reviews the typical distribution parameters defining the best-fit pulsar shapes. Finally, Section 4.3 explores the cause of the distinct, multiple, non-zero energy peaks exhibited by some pulsars in our sample.
Classification of energy distributions
Table 1 reports our classifications (described below) for each pulsar, along with the best-fit parameters and goodness-offit probability for the Gaussian and log-normal fits.
During visual inspection of the energy distributions, we Table 1 . Here we report the numerical results of the energy distribution and modulation analysis. Columns are: 1) PSR name (J2000); 2) Number of pulses detected in blind single pulse search, and total number of rotations in the observation; 3) Integrated (Fourier) signalto-noise ratio (S/N); 4) Signal-to-noise ratio of the brightest single pulse detected in the blind single pulse search; 5) Average single pulse energy significance; 6) Maximum R j value, where significant; 7) Minimum on-pulse, phase-resolved modulation index, where significant; 8) Indication of whether pulse appears to be nulling (Y) or had no zero-energy pulses (N); 9) Energy distribution classification; 10-12) The probability and fit values associated with the best-fit log-normal energy distribution; 13-15) The probability and fit values associated with the best-fit Gaussian energy distribution. * Many single pulses from the Vela pulsar (PSR J0835-4510) saturated the observing instrumentation. This disrupted the observed integrated and single-pulse S/N, and the modulation parameters at phases near the pulse peak. The modulation parameters are not reported here but Vela's modulation profile can be viewed in the online figure (see Appendix A).
(1) noted multiple non-null peaks in the distributions of some pulsars. As with nulling pulsars, these are not unimodal and thus their best-fit distribution statistics are not reliable. We provide the fit results in Table 1 for nulling and multi-peaked pulsars only for the sake of the §4.2 discussion. Several nulling pulsars had a sufficiently bright nonnull state to have a recognisably distinct distribution from the null pulses. These are identifiable in Table 1 as pulsars with a distribution class (column 9) reported in parentheses.
An example of such a case is shown in Figure 1 (b). These objects are included in our statistical analyses. Multi-peaked energy distributions were defined as any distribution with either more than two points deviating more than one standard deviation, or one point deviating more than two standard deviations from a smooth single-peaked distribution. These were identified by inspection of the pulse energy plots. We divided the pulsars into five energy distribution classifications (the percentage of constituent pulsars is given for each category; these percentages are calculated based on the 255 non-nulling, and classifiable-nulling, pulsars):
• Log-normal (L; 33%) Distribution appeared unimodal and the best-fit results obeyed P 0.75, and Pg < 0.75
• Gaussian (G; 3%) Distribution appeared unimodal and the best-fit results obeyed P < 0.75, and Pg 0.75
• Unimodal (U; 9%) P and Pg were 0.75 • Multi-peaked (M; 7%) As described above, two or more peaks were discernible at energy levels above the noise
• Other (O; 48%) Pulsars with P , Pg < 0.75
In cases where we had multiple observations on the same pulsar, we only use the observation in which the pulsar's integrated intensity was brightest. It is pertinent to note, however, that in duplicate observations, the modulation statistics were reproducible. In only a few cases the energy distribution had a different classification in the fainter observation, typically transforming an L-class pulsar to an O or U, and likely caused by the stronger influence of noise on the lower S/N observation. 
The distribution statistics of pulse energy
More than one third of our classifiable sample was found to be above our threshold for agreement with a log-normal distribution. This is accented by Figure 2 , in which we show a comparison of the best-fit probability for all pulsars. The general tendency of the energies away from a symmetric, Gaussian distribution here is pronounced. The origin of the tail of objects across all probabilities for both the log-normal and Gaussian trials is thought to be a low S/N effect, and is discussed below. A primary target of this analysis was to determine whether pulsar energy is well-fit to a Gaussian or log-normal distribution, and if so, what distribution parameters are typical. We will focus momentarily on determining the parameters of the log-normal pulsars in our sample. We include unimodal objects in this discussion on the basis of their agreement with a log-normal distribution. The distribution of both σ and µ are qualitatively similar for the log-normal and unimodal sources (and a K-S test between the distributions does not support the null hypothesis). Care must be taken when considering the σ and µ results for our log-normal targets. Low S/N single pulse observations can lead to average single pulse energies which lie below the receiver noise (thus, we see e. g. only noise and the log-normal tail of the brightest pulses), and may limit our ability to identify null pulses. The presence of null and multi-peaked pulsars at high P in Figure 2 already indicate that multi-modal pulsars may contaminate the lognormal sample. Unidentified nulling sources and low-signal measurements may potentially skew the log-normal parameter estimation, and we can see evidence of such an effect in an anti-correlation of low-sE pulsars with µ in our data. To avoid contamination of our potential correlations by low S/N data, we measured the σ and µ distributions only for pulsars whose single pulses were on average detected with significance sE > 4. Figures 3 and 4 compare the probability distribution of the best-fit σ and µ , respectively, of the sE > 4 objects to the distributions of non-nulling and all objects. The non-nulling sources, although numbering only 6, are completely unaffected by pulse nulling and provide a consistency check for the sE > 4 distributions; a Kolmogorov-Smirnov test between the non-nulling and sE > 4 pulsars do not support the null hypothesis for σ or µ . The distribution of all sources is found to differ significantly from the sE > 4 sources (supporting the null hypothesis at probabilities of 0.006 and <0.001 for σ and µ , respectively). This is not thought to be a physical effect, but as previously stated is likely to be caused by errors in parameter estimation in the low-signal sample due to the influence of noise or unidentified nulling. For comparison, we report the mean and standard deviation of σ and µ for the three populations in Table 2 .
Only three percent of our classifiable population were in agreement with a Gaussian distribution, of which only four objects (PSRs J0738-4042, J1507-4352, J1651-5222, and J1807-0847) had average single-pulse S/N of greater than four. Of all the observed and derived physical properties tested (τc, B, P ,Ṗ , dispersion measure, pulse width, and duty cycle), none stood out for these pulsars from the pulsars in the general population. Furthermore, they seem to share no characteristics in pulse shape or modulation, except that three of the four objects exhibit peaks in the Rj mod- ulation parameter in the centre of the profile. However, this is not a characteristic that is unique to these objects. Both PSRs J0738-4042 and J1651-5222 exhibit intricate features in Rj, the former showing intensely-modulated emission on the trailing pulse edge, and the latter appearing to exhibit two emission modes of similar energy, and possible sub-pulse drift. It is possible that these two objects have been misidentified as Gaussian, but in fact contain several profile modes whose mean energy properties share similar values.
(a) PSR J1048-5832 (b) PSR J1900-2600 Figure 5 . A view of the profile modes and their related energy distribution for two of our objects whose energy distributions were categorised as "multi-peaked". In all panels, the dashed green, solid blue, and dotted black lines correspond to the brighter mode, fainter mode, and all combined pulses, respectively. The left panels show the pulse profile integrated over a subset of pulses in each mode. The right panels show a mode-divided energy analysis as well as the integrated analysis. In both cases, two modes account fully for the multiple peaks identified in the energy distribution, and the non-zero mean of the off-peak distribution is clear.
Multi-modal energy distributions
A total of 18 pulsars in our sample had energy distributions classified as multi-modal. It appears that the majority of these multi-modal distributions are caused by mode changes; those with large relative energy peak differences exhibit mode changes that are visibly distinguishable in pulse stacks. We show two cases of this in Figure 5 , in which each pulsar exhibits two profile configurations that correspond to a change in observed energy. 4 It is likely that all multipeaked objects in our sample are the result of such profile reconfigurations, even if they are not always readily identifiable in our pulse stacks (e. g. due to faint emission and barely-resolved profiles). For some pulsars, we cannot rule out that a transient component (e. g. giant bursts) on an otherwise steady profile is causing the second peak. We find it worthy of explicit mention that the inspection of energy distributions appears to be a straight-forward way to identify mode changing in many pulsars, in which it might not be obvious from an inspection of only a pulse stack.
A clear ramification of the energy difference associated with mode changes is that some nulling pulsars may be exhibiting mode changes in which either the energy state drops below an observation's noise level (distinct from cessation of emission), or the beam configuration changes sufficiently such that no sub-beams are aimed at Earth. This has been previously suggested (e. g. Wang et al. 2007; Timokhin 2010) , and is supported by the faint emission seen in some pulsars after the integration of many "null" pulses. For instance, PSR J1900-2600 (Fig. 5(b) ) was previously identified as a nulling pulsar with a 10-20% nulling fraction (Ritchings 1976; Mitra & Rankin 2008) , which is approximately the fraction of pulses we observe in the low-energy mode. Our data's contributions to the "nulls are mode changes" hypothesis are three: 1) mode changing appears to be fairly prolific (6% of our whole sample had discernible multiple non-null energy peaks), 2) we observe a range of changes in mean integrated energy value, implying that some such pulsars could be misidentified as nulling or unimodal, thus the mode-changing population is probably larger, and 3) substantial reconfigurations may be more common than minor ones, given the 69 nulling pulsars and 18 multi-modal objects in our sample. Three of our nulling pulsars exhibit multiple non-null peaks, thus may have multiple mode changes.
MODULATION STATISTICS OF PULSARS
Here, we discuss several distinct topics relating to pulse-topulse modulation in pulsars: Section 5.1 presents the modulation values across our full sample, characterising the range of pulse-to-pulse modulation statistics of the general pulsar population. Section 5.2 discusses the phase-dependent location of modulation relative to the total intensity shape of the pulsar's profile in an attempt to understand if and how bursty (i. e. high-Rj) emission relates to the underlying pulsar beam shape. Finally, Section 5.3 describes correlation tests between the modulation parameters R and m with physical pulsar parameters.
In Table 1 , we report three indicators of pulsar modulation: the maximum on-pulse Rj value, the minimum onpulse mj value, and the S/N of the brightest single pulse detected in the blind single pulse search, when these measurements are significant for a pulsar. We follow the significance threshold for mj used by Jenet & Gil 2003 , in which the S/N of the integrated pulsar profile must be greater than 100. Because off-pulse values of Rj reflect the data's radiometer noise properties, as previously noted, this statistic is only considered significant when the on-pulse peak Rj value is more than 4 times the standard deviation of Rj values in the off-pulse profile. Note that the maximum single pulse search S/N should not necessarily correlate with mj or Rj because they are calculated at a fixed time-sampling, whereas the single pulse search utilized a box-car search to fit for ideal pulse width.
Distribution of modulation parameters
The distribution of pulsars' minimum modulation index, m, provides a direct empirical snapshot of the pulsar population's typical modulation properties. Figure 6 shows the distribution of m for our sample. While we do not distinguish various drift phenomena as in , we can compare our results to theirs. In the Weltevrede et al. study, m was measured using a longitude-resolved power spectral technique rather than direct computation. While our distribution agrees in peak value, ours is moderately broader, and more heavily weighted towards higher m values than that of Weltevrede et al. This slight difference is possibly attributed to the difference in technique for mitigation of scintillation's contribution to m. While the Weltevrede et al. technique removed any low-frequency modulation (thus in addition to the mISM contribution, potentially removing some modulation attributable to the pulsar itself), our mitigation may have included an erroneous estimate of mISM due to errors in the Cordes & Lazio (2002) electron density distribution model. We would expect the former point to most strongly contribute to the observed effect.
In Figure 7 we provide the R-parameter distribution. As previously noted and discussed further in §5.3, the Rparameter distribution cannot be taken at face value to be an "intrinsic" modulation distribution due to its strong dependence on Gaussian statistics and mean single-pulse flux. However, note that a measured Rj value represents signal inconsistent with Gaussian variance; thus, these pulsars exhibit phase-resolved, sporadically-varying emission. If (both integrated and phase-resolved) pulsar energy distributions are indeed log-normal, this result is not entirely unexpected. We note that in observations of increasing sensitivity, Rj values particularly of pulsars where the single-pulse mean is hiding in the noise (e. g. deep nulling pulsars and RRATs) will increase. Additionally, the observed maximum Rj will scale with a sample's observing length, consistent with the probability distribution of emission energy. We thus expect that if the σ and µ values presented in Section 4.2 hold for the full population, the distribution shown in Figure 7 Figure 6. The distribution of minimum m j value for the 103 pulsars with S/N int 100, as discussed in §5.1 Figure 7 . The distribution of maximum R j value for the 222 pulsars for which this parameter was significant.
would shift to higher values and perhaps broaden slightly, were our observing length and/or sensitivity increased.
Profile dependence of modulation
It has been noted in the literature that "core" profiles (as defined by the profile classification scheme of Rankin 1983) are both less modulated than "conal" profile components, and do not null. It has also been reported that giant pulse phenomena occur typically on the leading or trailing edge of pulsar profiles (certainly, the persistent modulation appears to be higher at pulse edges; mj rises at the leading and trailing pulse edges for nearly the entirety of our sample). The R-parameter enables sensitivity to phase-resolved, sporadic emission behaviours. To explore the typical location of such emission and its relationship, if any, to integrated intensity profiles, we inspected each pulsar's total intensity and Rj profiles (sample Rj profiles are shown in Fig. 8 , and all Rj profiles are shown in the online Figure; see material referenced in Appendix A).
Persistent multi-phase features in Rj appear to come in two types: broad, diffuse features that in many cases follow the rise and fall of the integrated intensity, and narrow features which have no pronounced counterpart in the total intensity profile thus presumably correspond to very sparse outbursts. The phase-dependence of narrow R-parameter peaks varies vastly from pulsar to pulsar, however in many objects, narrow Rj features appear on the edge of (leading or trailing) a local maximum in integrated intensity (not necessarily the brightest beam component). In some, the Rj profile is dual-peaked, with peaks falling on either side of the integrated profile. Examples of these are shown in Fig. 8 . This is suggestive of a sporadic sub-beam-edge effect, however as we do not have sufficient information to break down our profiles into conal or core components, we cannot say whether this effect is distinct to one profile geometry. Note, however, that in some pulsars the modulation does peak at the same phase as the integrated profile (in fact, PSR J1852-0636 as shown in Figure 8 (d) exhibits contemporaneously-peaking modulation and intensity profiles for the outer sub-beams, but offset modulation peaks for the centre beam).
Finally, the variation of Rj values across a profile indicates an important point that will be discussed further in Sections 6.1 and 6.2, which is that the energy distribution (i. e. log-normal/power-law/gaussian/etc. classification and distribution parameters) can be phase-dependent.
Correlation of modulation parameters with other neutron star parameters
We performed Kendall's tau correlation tests for the minimum mj and maximum Rj against all basic pulsar physical parameters: age, magnetic field strength, energy loss rate, P , P , and DM. We found no significant correlations that were not directly accountable by sample selection effects. m was found to correlate (in some cases, anti-correlate) with several parameters, most strongly with characteristic age andĖ. However, we attribute all of those correlations to the strong anti-correlation between m and integrated S/N (Kendall's τ statistic: -0.55; probability Pτ < 0.000001), which can induce correlations with m due to our fixed observation length (this "correlation", as with the R-parameter/DM correlation below, is thought to be primarily the result of the lowweighted distribution of m and the few objects with strong integrated signal; the distribution of m at different signal intervals does not differ). The correlations were not significant when restricting the tests to pulsars with an integrated S/N between 100 and 400, indicating that these correlations were induced by the brightest ∼20 objects. We measured no significant correlations between mj and any of the complexity parameters of (Jenet & Gil 2003) , in agreement with . Correlations between m and the complexity parameters are predicted to be stronger when considering m strictly from core pulse profiles (Jenet & Gil 2003) ; it is possible that if any correlations exist within this data, they are diluted by our lack of information about profile type and beam viewing angle. Potential errors in the NE2001 electron density model, leading to an incorrect treatment of scintillation's contribution to m, could also contribute to weakening a correlation. Thus, with the available information, our sample is unable to rule out any of the proposed theories with these correlation tests.
One correlation found with maximum Rj warrants brief discussion; the maximum Rj was weakly anti-correlated with dispersion measure (τ = −0.27; Pτ < 0.000001). We interpret this primarily as the naturally low-weighted distribution of maximum Rj (seen in the low-DM pulsars) and the fewer number of pulsars at high DM. However, pulse smearing and scattering may also dampen R-parameter values at high DM.
GENERAL DISCUSSIONS
Here we address three remaining points of discussion that arose from our analysis. Section 6.1 discusses physical motivators for the definition of the "giant pulse" phenomenon in pulsars based on our energy distribution and pulse-topulse modulation measurements. We furthermore indicate how our analysis may indicate giant pulse activity occurring in several pulsars. Section 6.2 discusses the implication of our results for the net pulsar energy circuit, paying particular attention to a discrepancy between the narrow range in integrated single-pulse energy values versus the large range in phase-resolved bursty emission. We also draw on the results of interpulse-pulsars in this discussion. Finally, in Section 6.3, we point out peculiar behaviours observed in several pulsars that were identified in the course of our analysis.
Giant pulses vs. log-normal pulses
The definition of "giant pulse" has varied in previous analyses, with some authors defining the term as any pulse with a flux more than ten times the average flux at that phase, and others differentiating giant pulses by their power-law energy distributions. In our analysis, the former definition translates directly to the specification R > 10. This condition is not uncommon in this data set, and furthermore the R parameter's continuous distribution over a broad range indicates that this differentiation of "giant pulse" is entirely arbitrary. While it is certainly a convenient definition, if many pulsars are indeed log-normally distributed, no physical distinction (except for small variations in σ ) should exist between high and low-Rj pulsars. We therefore support the latter definition of "giant pulse," which in addition denotes a clear difference in underlying plasma processes.
As we have previously noted, a significant measurement of Rj implies the presence of non-Gaussian statistics in phase bin j, and does not strictly differentiate between what non-Gaussian distribution is causing the heightened Rj. For the pulsars with significantly measured Rj values, we have an insufficient number of pulses in our data to perform an assessment of whether the phase-resolved energy distributions are caused by a pure log-normal distribution, or by the log-normal plus power law tail that is exhibited at giant-pulsing phases in some pulsars. However, studies of these high-R-parameter objects over a longer timescale could provide the data necessary to differentiate pulsars with broad phase-resolved log-normal distributions from powerlaw-distributed giant pulses as the cause of the intense modulation (see e. g. Karuppusamy et al. 2011) .
Although the broad time resolution used in our observations would dampen the intensity and prominence of giant micropulses, we can check for an indication of such activity by inspecting the data for very narrow (i. e. unresolved in phase), significant features in Rj. Several pulsars shows clear potential signs of such an effect: PSRs J0726-2612, J1047-6709 (the small, narrow feature preceding the main pulse), J1759-1956, and J1801-2920 (see Appendix A). 
Energy budgets and additional insight from interpulse pulsars
We find it striking that for sE > 4 pulsars, the maximum deviation of integrated pulse energy from E/ E tends to be fairly low. Inspecting the maximum integrated energy deviation (ME) in these pulsars, we find that they range 1.6 < ME < 6.4, with a mean of 2.9; that is, the integrated pulse energy tends to not deviate vastly from its mean value. One might expect maximum Rj to correlate with ME, given the excess energy one would expect to be provided by a bright, phase-resolved pulse. In Figure 9 , we show a scatter plot of maximum Rj vs. ME for pulsars with sE > 4 and a significantly measured Rj value. While there is a weak correlation here (Kendall's tau test gives τ = 0.29, Pτ = 0.001), the scatter in both variables is significant. This scatter and the fact that Rj for some pulsars is large across a broad phase range indicates that many phases may be emitting large bursts of energy; as previously noted, phase-resolved changes in Rj indicate the possibility that the energy distribution is likewise phase-dependent. Despite this, however, we see only a small range of ME values, and at least 45% of our sample has an integrated pulse energy distribution that is well-fit to a unimodal (mostly log-normal) distribution. What this appears to imply is that despite the occurrence of sizeable sub-beam variations, a large outburst at one phase is compensated by a deficit of or weakened emission at other phases, such that a narrow integrated distribution in energy may be maintained. Thus, there appears to be a self-balancing effect, i. e. there is a net energy regulation by which the total sub-beam circuit is governed.
Similarly, previous studies have indicated that pulsars with interpulses show a relationship in the pulses' emission properties. Various studies have shown correlations or anticorrelations in the amplitude of main pulses and interpulses (e. g. Fowler & Wright 1982; Biggs 1990 ). Furthermore, found the same periodicity of amplitude modulation in the main/interpulse of PSR J1705-1906. We identified five interpulse pulsars in our sample; the main and interpulses for these pulsars ("interpulse" here being the fainter component) have separately reported statistics in Table 1 , marked by (m) and (i), respectively, in addition to the statistics from the total integrated emission window. We find agreement between maximum Rj in the main pulse and interpulse only in the case of PSR J1705-1906, which despite a factor of ∼7 difference in emission intensity, the maximum Rj values both peak from 8−10. This is particularly notable as it supports the aforementioned findings of and Weltevrede et al. (2007) .
In the other interpulse pulsars, all but PSR J0908-4913 exhibit Rj values significant only in the main pulse. We note that even in the presence of a pulsar-wide energy regulation, these discrepancies may not be surprising given the strong phase-dependence of Rj and thus its implied dependence on viewing angle. Accordingly, it may be that we view PSR J1705-1906's main pulse and interpulse at an angle such that we see corresponding primary and counter-beam components; while the other pulsars might share properties between particular sub-beams, their properties could be masked by an unfavourable viewing angle.
The energy distribution classification differences between main pulse, interpulse, and net emission is also interesting to consider in this discussion. However, due to the low sE on all of the interpulses, the data do not provide clear results on this topic. Most of the classifications are "other", and only the interpulses of PSR J1705-1906, J1739-2903, and J1825-0935 are well-fit to a log-normal distribution. While this seems to imply that the main pulse and interpulse energy distributions do not share the same underlying plasma statistics, higher signal-to-noise measurements would be more suitable to explore the relationship between the main/interpulse integrated energy distribution.
Notes on anomalous pulsar properties
In our online figure (see Appendix A), we display the pulse stack, modulation and intensity profiles, and energy distribution with fits for each pulsar. These graphics provide a wealth of information, and upon viewing them, nearly every pulsar appears to have some unique and fascinating feature. As such, the plots contain far more features of interest than are relevant for the discussion in this paper. The reader is encouraged to inspect the data and pursue outstanding features that catch their interest. Examples of peculiar behaviour which stood out to us are: the cyclic, phase-dependent nulling of PSR J1133-6250, the atypically broad energy distributions of PSRs J1243-6423, J1047-6709, J1401-6357, J1456-6843, and J1745-3040, and the ordered beating visible in the pulse stack of PSR J1534-5334).
Below, we do describe unconventional emission discovered in several pulsars, for cases where the anomalous behaviour is not recognisable from the displayed data.
Multi-state nulling fraction pulsars
Burke- reported what appeared to be a "part-time RRAT", PSR J0941-39, which at times is observable as a nulling pulsar with a null fraction of ∼10%, and at other times emits single pulses at a rate of ∼2 per minute. Our analysis has identified several potential further examples of these. The first is PSR J0828-3417, which was originally noted to have low-level emission during its "nulls" by Esamdin et al. (2005) . We note that in fact their "lowlevel emission" appears to be made up of sporadic single pulses, similar to PSR J0941-39. We furthermore discovered one pulse from PSR J1107-5907, which has been previously reported as an "intermittent pulsar" whose emission alternates between states of bright, weak, and null emission on a yet-unknown timescale (Kramer 2008; O'Brien 2010) . Archival data from this pulsar also reveals erratic changes in nulling fraction, particularly directly preceding its constant on state. We think it pertinent to point out that each of these pulsars exhibit changes not only in intensity (i e. nulls or mode changes when emission appears to cease), but also in the relative time spent in on-and off-configurations.
Wide nulling distribution of PSR J1255-6131
We detected only one pulse from PSR J1255-6131, and no integrated emission. The single pulse was of high significance (S/N ∼ 10), and thus given the apparently large nulling fraction, we were motivated to explore archival data for this pulsar. We found ∼20 archival pulse stacks at a central frequency of 1.4 GHz. These observations were collected as follow-up to the Parkes Multibeam survey, and the data format and observing system is as described in the survey's paper (Manchester et al. 2001) . The data available to us were each of length 5 to 30 minutes, formed into pulse stacks and often averaged over 1-minute intervals so we could not probe single-pulse behaviour. We found that PSR J1255-6131 displayed a great range of activity cycle times in these observations. Occasionally the pulsar appeared to emit without ceasing over lengths of 5 to 10 minutes, however more commonly it exhibited bursts of emission lasting up to 3 minutes. The null fraction from observation to observation ranged between 10 and 100%. We estimate the null fraction for the pulsar is typically around ∼70-80%, however with a broad emission cycle range. This pulsar may be exhibiting a variation of the null-change behaviour discussed in the above section. However, the behaviour in this pulsar differs as its nulling fraction distribution does not appear to be bimodal, but rather is an unusually broad, and may be either stochastic, or a smoothly-distributed function. The HTRU med-lat survey pointing appears to have caught PSR J1255-6131 at the sparsest tail of this null fraction distribution.
Off-pulse emission and PSR J1406-5806
The careful cleaning of interference in our data enabled us sensitivity to short-duration, off-pulse emission (i e. emission more than 5% in phase from integrated profile components). We found such emission in only one pulsar, PSR J1406-5806. Pulses were detected across the full phase range, though its "on-pulse" emission appears also to be highly sporadic. Upon stacking all available archival pulse stacks from Parkes Telescope (3 h total), the off-pulse emission contributes weak components to a stable integrated profile. We interpret this object as an aligned rotator with a high nulling fraction. The lack of off-pulse emission in other pulsars, indicates no evidence that the emission detected by Basu et al. (2011) is made up of sporadic, bursty emission.
SUMMARY AND CONCLUSIONS
We analysed the pulse-to-pulse energy and modulation properties of all pulsars serendipitously observed in the HTRU intermediate latitude survey to emit detectable single pulses. This sample was derived from the 702 pulsars re-detected by the HTRU med-lat observations, yielding this survey a single-pulse detection rate of 45%. 16 of these pulsars were only detected through the single-pulse search.
For our full 315-pulsar sample, we performed energy distribution fits to determine the suitability of log-normal or Gaussian distributions to describe integrated pulse-to-pulse energy. This analysis showed that more than 40% of our sample fits a log-normal pulse energy distribution, while only a few pulsars were well-fit to a Gaussian distribution. Other pulsars were not fit by either distribution, however this may be due to a) the influence of noise on a faint pulsar; b) unrecognised nulling/mode-changing; or c) a non-Gaussian, non-log-normal underlying energy distribution. Because of the large likelihood of a and b to disrupt our fits, we suggest that a greater fraction of pulsars may show unimodal and log-normal pulse energy distributions, however observations of higher sensitivity and a greater number of detected pulses will be required to address this.
Some pulsars were found to have bi-or multi-modal energy distributions, which we demonstrated to be caused by mode changes in some pulsars. Energy distribution inspection can thus be useful for identifying mode changes where they might not be obvious in a pulse stack. Multi-energy states have implications for nulling pulsars, supporting the argument of Timokhin (2010) that some pulsars observed to "null" may simply be reconfigured into a state where fainter, fewer, or no sub-beams are directed at the observer. Along these lines, we demonstrated that the previously "nulling pulsar" PSR J1900-2600 exhibits faint emission in its low state. It should be noted that for some multi-modal energy pulsars, particularly those with short change timescales or those with minimal differences in mode energies, we cannot distinguish between mode changing and other longituderesolved modulation (e. g. a distinct transient sub-beam).
Mode-changing properties are not to be confused with another state-change effect observed in only a few pulsars. PSRs J0828-3417 and J1107-5907 appear to have two discrete nulling fraction states; as with PSR J0941-39 (BurkeSpolaor & Bailes 2010), these objects switch between being pulsars with null fraction <10%, to a separate state where they sporadically emit single pulses per many rotations. The single-pulse state may have previously been falsely identified as a low-energy mode change (Esamdin et al. 2005; O'Brien 2010) , as during long integrations bright single pulses are dampened by the addition of null rotations.
We reported longitude-resolved modulation statistics, quantified by the modulation index m and the R-parameter, the latter used to identify non-Gaussian sporadic emission. We found no correlations between m or R and physical parameters (e. g. age, spin-down energy) or the complexity parameters predicted by various energy models.
We found that outbursts with distribution significantly deviating from Gaussianity can occur across a pulsar's full integrated profile, however occasionally this modulation intensifies at the rising and/or falling edge of components in the integrated profile. This may indicate a conal or core edge modulation effect, and/or the presence of giant pulses at the corresponding pulse phase. Our analysis supports the fact that physically distinctive "giant pulse" phenomena should be defined thus because they have power-law statistics, however we have insufficient data to assess the shape of highenergy tails in our high-R-parameter pulsars.
Finally, in considering the large phase-resolved deviations seen in the Rj profiles of some pulsars in conjunction with the distribution of integrated single-pulse energy in these pulsars, it is striking that the energy typically deviates only up to three times its average value. This is suggestive of a beam-wide energy regulation that affects all angles of the pulsar's beam, and we broaden our consideration of this possibility using information from interpulse statistics. Only one of our five interpulse pulsars exhibits a notable relationship in modulation properties between the main and interpulse, however we cannot make conclusive statements about the main/interpulse energy distribution relationship due to the low signal from the interpulses in these pulsars.
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